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DC-SIGN is a C-type lectin expressed on dendritic cells and restricted macrophage populations in vivo that
binds gp120 and acts in frans to enable efficient infection of T cells by human immunodeficiency virus type 1
(HIV-1). We report here that DC-SIGN, when expressed in cis with CD4 and coreceptors, allowed more efficient
infection by both HIV and simian immunodeficiency virus (SIV) strains, although the extent varied from 2- to
40-fold, depending on the virus strain. Expression of DC-SIGN on target cells did not alleviate the requirement
for CD4 or coreceptor for viral entry. Stable expression of DC-SIGN on multiple lymphoid lines enabled more
efficient entry and replication of R5X4 and X4 viruses. Thus, 10- and 100-fold less 89.6 (R5/X4) and NL4-3
(X4), respectively, were required to achieve productive replication in DC-SIGN-transduced Jurkat cells when
compared to the parental cell line. In addition, DC-SIGN expression on T-cell lines that express very low levels
of CCRS enabled entry and replication of R5 viruses in a CCR5-dependent manner, a property not exhibited
by the parental cell lines. Therefore, DC-SIGN expression can boost virus infection in cis and can expand viral
tropism without affecting coreceptor preference. In addition, coexpression of DC-SIGN enabled some viruses
to use alternate coreceptors like STRL33 to infect cells, whereas in its absence, infection was not observed.
Immunohistochemical and confocal microscopy data indicated that DC-SIGN was coexpressed and colocalized
with CD4 and CCRS5 on alveolar macrophages, underscoring the physiological significance of these cis en-

hancement effects.

Enveloped viral entry is mediated by interactions between
cell surface receptor(s) and the viral envelope (Env) embedded
in the virion lipid bilayer. These interactions trigger the req-
uisite conformational changes in the viral Env that eventually
lead to fusion between the viral and host cell membranes and
delivery of the viral genome into the target cell. Human im-
munodeficiency virus type 1 (HIV-1) has evolved to use the
CD4-coreceptor complex to trigger the conformational events
leading to membrane fusion (reviewed in reference 8). In ad-
dition to entry receptors, attachment receptors have been de-
scribed that can modulate the efficiency of entry mediated by
the CD4-coreceptor complex (reviewed in reference 37). For
example, heparan sulfate proteoglycans (21, 24, 29) and LFA-1
(12) have been reported to interact with viral Env or virion-
associated adhesion molecules such as ICAM-1 in a manner
that enhances the viral entry process. However, the majority of
these interactions are low affinity in nature, having binding
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constants of 500 nM or greater (36, 37). Unique among these
attachment molecules is the calcium-dependent lectin DC-
SIGN, which binds to monomeric HIV-1 gp120 with a greater
affinity than CD4 (K, 1.4 nM versus 4 to 5 nM for CD4) (6).
The binding of DC-SIGN to HIV Env is carbohydrate depen-
dent and is most effectively competed off by mannan (6, 13, 27).

DC-SIGN is a type II integral membrane protein originally
cloned from a placental cDNA library as a gp120 binding
protein (6). It is highly expressed on dendritic cells (DCs) and
is largely responsible for HIV-1 attachment to this cell type
(13, 14). A homolog of DC-SIGN, termed “DC-SIGNR/L-
SIGN,” is expressed on some types of endothelial cells and also
serves as a virus attachment factor (3, 28, 33). Virus bound to
DC-SIGN-positive cells can be transmitted to cells expressing
CD4 and coreceptor, resulting in efficient virus infection in
trans (13, 27). DC-SIGN on DCs may serve as a conduit for the
transfer of HIV-1 from the submucosa to permissive T cells in
secondary lymphoid organs (13, 35). We have shown that DC-
SIGN also binds HIV-2 and SIV Envs and thus can be consid-
ered a universal attachment factor for primate lentiviruses
(27). Despite initial reports that DC-SIGN expression is re-
stricted to DCs, we have found that DC-SIGN is expressed on
CD4" macrophages in the placenta and lung (34; E. Soilleux,
L. S. Morris, G. Leslie et al., submitted for publication). The
presence of such a high-affinity attachment molecule on per-
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missive cells in vivo prompted us to examine the consequences
of DC-SIGN expression on the efficiency of viral entry.

We found that expression of DC-SIGN in cis with CD4 and
coreceptor allowed for more efficient entry of HIV and SIV.
The ability of DC-SIGN to facilitate infection in cis was most
apparent when either CD4 or coreceptor was limiting. In some
cases, DC-SIGN expression allowed infection of cells via CD4
and an alternate coreceptor (STRL33) that is otherwise used
inefficiently (30). In addition, some T-cell lines engineered to
express DC-SIGN required up to 100-fold less of the viral
inoculum in order to establish a productive infection. The in
vivo significance of this cis-enhancement effect was supported
by confocal microscopy data indicating that DC-SIGN was
expressed and colocalized with CD4 and CCRS on primary
alveolar macrophages. Thus, DC-SIGN expression or upregu-
lation in vivo can potentially expand viral tropism by allowing
viruses to infect cells with limiting amounts of CD4 or core-
ceptor or by more efficient use of alternative coreceptors.

MATERIALS AND METHODS

Viruses and cells. DC-SIGN was cloned into the retroviral MIGR1 vector (a
kind gift from Warren Pear, University of Pennsylvania) via the Hpal and BamHI
site. Expression of DC-SIGN was mediated by the MSCV long terminal repeat
promoter and green fluorescent protein (GFP) was expressed in tandem via an
internal ribosome entry site (IRES) linker. Retroviruses expressing DC-SIGN
were made by cotransfecting HEK 293T producer cells with MIGR1-DC-SIGN,
pcGP (expressing gag and pol genes) and pVSV-G (expressing the vesicular
stomatitis virus [VSV]-G envelope glycoprotein) by using Geneporter. Forty-
eight hours after transfection, the retroviral supernatant was filtered through a
0.22-pm-pore-size filter and stored at —80°C. Retroviral transduction of the
indicated cell lines was performed by spinoculation as described previously (23).
All cell lines were originally obtained from the American Tissue Type Collection
(ATCC). One week after spinoculation, cell lines were sorted for GFP-positive
cells to select for stably transduced cells. GFP-positive cell lines were confirmed
to be expressing DC-SIGN by costaining with a monoclonal antibody (MAb)
against DC-SIGN (MAD 28) (2a). Pseudotyped GFP or luciferase reporter vi-
ruses were made as previously described (30).

Infections. Equal number of cells from DC-SIGN-transduced cell lines or the
parental lines (2 X 10° to 5 X 10° cells/infection) were infected with the indicated
amount of viral supernatant. Four hours after infection, cells were washed three
times vigorously with 1X phosphate-buffered saline (PBS), and the medium was
replaced. For measurement of p24 antigen production, infections were per-
formed in 96 wells in a total volume of 200 pl. On the indicated days after
infection, medium was half-exchanged with fresh medium, and the supernatant
was stored at —20°C. p24 levels in viral supernatants from the same infection
series were analyzed together with a commercial enzyme-linked immunosorbent
assay (ELISA) kit. For inhibition experiments, cells were infected as described
above or in the presence of an anti-CXCR4 MAD (20 pg of MAb 45701 per ml;
R&D Systems, Minneapolis, Minn.) or an anti-CD4 MAb (10 pg of Leu3A per
ml), or TAK779 (20 pM; a kind gift from Takeda Pharmaceuticals, Osaka,
Japan). Four hours after infection, cells were washed three times vigorously with
1Xx PBS and the medium was replaced with fresh medium containing the inhib-
itory reagents as indicated above. On the indicated days after infection, the
medium was half-exchanged with fresh medium containing fresh inhibitory re-
agents as described above. Pseudotyped virus infection was performed as de-
scribed above, except that analysis was performed 3 days postinfection. The
extent of infection was quantified either by fluorescence-activated cell sorter
(FACS) analysis of GFP-positive cells or of p24-positive cells (determined by
intracellular p24 staining with phycoerythrin-conjugated anti-p24 KC57 clone
from Coulter) as previously described (30). For mannan inhibition, infections
were performed as described above in the presence of 100 wg of mannan per ml
(Sigma).

Measurement of cell-associated viral DNA. Cell-associated DNA was pre-
pared from 10° infected CEM-SS cells, by lysis in 100 pl of 10 mM Tris-HCI (pH
8.0), 1 mM EDTA, 0.2 mM CaCl,, 0.001% Triton X-100, 0.001% sodium dodecyl
sulfate (SDS), 1 pg of proteinase K per ml. The lysates were then incubated at
58°C overnight, heat inactivated at 95°C for 15 min, and stored at —80°C. Kinetic
(fluorescence monitored) PCR was performed with 1.25 X 10* cell equivalents to
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quantitate viral gagg DNA and cellular B-globin DNA. The sequences of the
B-globin forward and reverse primers and the molecular beacon were 5'-CCCT
TGGACCCAGAGGTTCT-3' and 5'-CGAGCACTTTCTTGCCATGA-3" and
GCGAGCATCTGTCCACTCCTGATGCTGTTATGGGCGCTCGC-3',  re-
spectively. The molecular beacon was labeled with JOE (6-carboxy-4',5'-di-
chloro-2',7'-dimethoxyfluorescein) and DABCYL, at the 5" and 3’ ends, respec-
tively. The sequences of the gag forward and reverse primers and TagMan probe
were 5'-AAGCAGCAGCTGACACAGGA-3', 5'-TTTGCCCCTGGATGTTCT
G-3', and 5'-ACAGCAATCAGGTCAGCCAAAATTACCCTATAGT-3', re-
spectively. The TagMan probe was labeled at the 5’ end with FAM (fluoro-
chrome 6-carboxyfluorescein) and at the 3’ end with TAMARA (6-carboxy-
N',N',N',N'-tetramethylrhodamine). Reactions were individually optimized and
carried out in 50-pl volumes containing the following: 50 mM KCI; 10 mM
Tris-HCI (pH 8.3); 3 (B-globin) to 5.5 (gag) mM MgCl,; 200 (B-globin) to 300
(gag) pM dATP, dCTP, dGTP, and dTTP; 200 (gag) to 1,000 (B-globin) nM
primer; 200 nM probe; 0.025 U of AmpliTaq Gold (PE BioSystems) per wl; and
500 nM carboxy-X-rhodamine (Rox) as a passive reference (Molecular Probes,
Eugene, Oreg.). The reaction times and temperatures were 10 min at 95°C and
then 40 cycles of 15 s at 95°C and 45 s at 60°C.

A standard curve for HIV-1 DNA copy number was prepared from mixtures
of ACH-2 cells (which harbor two HIV-1 proviruses) and CEM-SS cells, by using
the lysis procedure described above. To correct for variations in cell numbers and
DNA recovery, a standard curve for cellular 3-globin was generated by preparing
DNA lysate from uninfected CEM-SS cells that had been counted with a hema-
cytometer. These cell counts were then used to design serial dilutions of DNA
lysate in 10 mM Tris-HCI (pH 8.0), 1 mM EDTA, and 1 ng of poly(rA) per ml.
Sequence Detection software, version 3 (PE BioSystems), was used to analyze
the kinetic PCR amplification data.

Selecting and obtaining tissue and tissue processing. All tissues were obtained
with Local Research Ethics Committee approval. Fully anonymized histologi-
cally normal spleen, lymph node, lung, liver, and placenta of 12 and 40 weeks of
gestation was obtained from the Department of Histopathology, Addenbrooke’s
Hospital, Cambridge, United Kingdom. Tissue was either snap-frozen and kept
at —80°C before being processed to cryosections, or was fixed in 10% neutral
buffered formalin, followed by paraffin wax embedding and sectioning.

Single immunostaining of paraffin sections. Sections were immunostained
with rabbit anti-DC-SIGN polyclonal serum, with preimmune serum on serial
sections as a negative control, exactly as described previously (34). Further serial
sections were immunostained with anti-CD14 (Novocastra, Newcastle upon
Tyne, United Kingdom) as previously described (34).

Staining of frozen sections for confocal microscopy. Ten-micrometer cryosec-
tions of lung and placenta were fixed for 5 min in 4% paraformaldehyde and then
immunostained with mouse monoclonal anti-CD4 (PharMingen, San Diego,
Calif.), mouse monoclonal anti-CCRS5 (clone CTC5; R&D Systems, Minneapo-
lis, Minn.) or rabbit polyclonal anti-DC-SIGN (34). Each mouse MADb was also
used in double immunostaining in combination with rabbit polyclonal anti-DC-
SIGN. Primary antibody was added in 1% bovine serum albumin-10% goat
serum-10% swine serum in Tris-buffered saline (TBS). Following overnight
incubation, sections were rinsed thoroughly in TBS and incubated for 1 h with
secondary antibody, which was phycoerythrin-conjugated goat anti-mouse anti-
body (Sigma, Poole, United Kingdom) and/or fluorescein isothiocyanate (FITC)-
conjugated swine anti-rabbit antibody (Dako, Glostrop, Denmark). Sections
were rinsed in TBS and mounted in fluorescence mounting medium (Dako,
Glostrop, Denmark). As a negative control for the anti-DC-SIGN antiserum,
preimmune rabbit serum was used to immunostain serial sections. For the mouse
MADs, the primary antibody was omitted from the negative control slides.

Confocal microscopy. Images were obtained by using a confocal laser scanning
microscope TCS 4D (Leica Lasertechnik, Heidelberg, Germany). All double
immunostaining was photographed with sequential scanning techniques.

DC-SIGN-CD4-CCRS5 coimmunoprecipitation. 293T cells that stably express
CCRS5 and CD4 were transfected with pcDNA3-DC-SIGN or a red fluorescent
protein (Clontech, Palo Alto, Calif.) (negative control) expression plasmid. Cells
were washed three times with cold 1X PBS and divided into two aliquots prior
to lysis. One aliquot was lysed in 1 ml of Triton X buffer (300 mM NaCl, 50 mM
Tris [pH 7.6], 10% glycerol, 0.5% Triton X, and EDTA-free protease inhibitor
from Sigma) at room temperature for 30 min while rocking. The other aliquot
was lysed in 1 ml of CHAPSO-based buffer (20 mM Tris [pH 7.5], 100 mM
ammonium sulfate, 10% glycerol, 1% CHAPSO, and EDTA-free protease in-
hibitor from Sigma) at 4°C for 30 min while rotating. The cell debris was settled
by centrifuging the samples for 10 min at 14,000 rpm. One hundred microliters
of lysate, 2.5 pl of 2 M calcium chloride, 8 wl of antibody, and 50 pl of protein
G beads (Pierce) were added to 500 pl of either CHAPSO buffer or Triton X
buffer. All samples were rotated overnight at 4°C and run on and SDS-polyacryl-
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FIG. 1. cis expression of DC-SIGN enhances viral infection. (A) One microgram each of plasmids expressing CD4, coreceptor (CCRS or
CXCR4), and DC-SIGN or vector alone (pcDNA3) was transfected into 293T cells in each well of a 24-well plate. Twenty hours postinfection, the
transfected cells were infected with the indicated pseudotyped luciferase reporter viruses. Cells were lysed 4 days postinfection, and luciferase
activity was detected as described in Materials and Methods. Results are not shown for ADA and SIV pseudotypes on CXCR4-transfected cells
and IIIB pseudotypes on CCRS5-transfected cells because they did not result in reproducible infections above the background in the presence or
absence of DC-SIGN. Results are representative of three experiments performed in duplicates or triplicates. (B) Infections were performed as in
panel A, except that target cells were transfected with the equivalent of 20 ng of CCRS expression plasmid where indicated. Shown here are
averages from infections performed in duplicates. Average raw relative light units are indicated above each bar, so that results from panels A and

B can be compared directly.

amide gel electrophoresis (PAGE) gel. Samples were then blotted for CD4 with
rabbit anti-CD4 polyclonal antibodies (previously generated by immunizing New
Zealand White rabbits with the recombinant soluble 4 domain, CD4) or a mouse
MADb against CCRS (CTC5; R&D Systems, Minneapolis, Minn.). All lysates
were blotted individually for DC-SIGN, CD4, and CCRS5 to confirm appropriate
expression.

QFACS analysis. For quantitative FACS (QFACS) analysis, DC-SIGN ex-
pression on stably transduced cell lines was quantified as previously described
(18, 27), with the exception that a MAb against DC-SIGN (DC028) (2a) was used
instead of an anti-AU1 antibody against AU1-tagged DC-SIGN. Since the same
secondary reagent was used in this study (phycoerythrin-conjugated Fab goat
anti-mouse from Caltag, Burlingame, Calif.), the levels of DC-SIGN quantified
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can be reasonably compared. However, the confidence in the absolute number of
antibody binding sites obtained would not be as great as that obtained with a
directly conjugated primary antibody.

RESULTS

cis expression of DC-SIGN enhances viral infection. The
presence of viral attachment molecules on permissive cells may
affect the efficiency of viral entry (37). Since we recently found
that DC-SIGN is expressed not only on DCs, but also on CD4*
macrophages in the placenta and lung (34; E. Soilleux, L. S.
Morris, G. Leslie et al., submitted for publication), we sought
to examine the consequences of DC-SIGN expression on in-
fection efficiency. Using transfected 293T cells expressing high
levels of CD4 and coreceptor, we found that cis expression of
DC-SIGN reproducibly enhanced HIV-1 and SIV infection by
two- to threefold (Fig. 1A). This cis enhancement was specific
to HIV-1 and SIV Envs, because infection by murine leukemia
virus (MLV) pseudotypes was not affected by the presence of
DC-SIGN. Since cell surface densities of CD4 and CCRS5 can
affect significantly the efficiency of viral entry (26, 30), we
sought to determine if the DC-SIGN enhancement effect was
more prominent when CCRS5 levels were reduced. Indeed,
when target cells were transfected with 50-fold less CCRS
expression plasmid than the experiment indicated above, the
presence of DC-SIGN was able to enhance R5 HIV-1 and SIV
entry by more than 10-fold (Fig. 1B), even though the absolute
amount of virus entering these cells was considerably less
(compare Fig. 1A and B). Thus, coexpression of DC-SIGN
along with CD4 and an appropriate coreceptor enhances virus
infection, particularly when CCRS levels are limiting for virus
entry.

DC-SIGN expression in T-cell lines enhances virus replica-
tion. In order to examine the effect of DC-SIGN cis enhance-
ment on more relevant cells types, a variety of T-cell lines were
transduced with a murine stem cell retrovirus vector (MIGR1-
DC-SIGN-GFP) expressing DC-SIGN in tandem with GFP
via an IRES linker. We have previously shown that most T-cell
lines commonly used to propagate HIV express tens of thou-
sands of CD4 and CXCR4 molecules per cell, with the excep-
tion of Jurkat cells, which express less than a thousand CD4
molecules per cell (18). Jurkat cells also express less than 1,000
copies of CCRS per cell, but do express high levels of CXCR4
(18). Therefore, we hypothesized that the effect of DC-SIGN
enhancement might be most pronounced in this cell line. In-
deed, we found that for a given viral inoculum, DC-SIGN-
transduced Jurkat cells supported faster viral replication kinet-
ics for both an X4 (NL4-3) and an R5X4 (89.6) viral strain
(Fig. 2A and B, respectively). In addition, up to 100-fold less
virus (NL4-3) was required for productive replication in DC-
SIGN-transduced Jurkat cells (Fig. 2A). Replication of HIV-1
NLA4-3 was also modestly enhanced (two- to fivefold increase
in peak p24 antigen values) when DC-SIGN was expressed in
SupT1, Molt4 Clone8, and PM1 cells (data not shown), all of
which express high levels of CD4 and CXCR4 (18). Therefore,
DC-SIGN expression enhances CXCR4-dependent virus rep-
lication in several T-cell lines, with its effects being more pro-
nounced when CD4 expression levels are limiting.

We have previously shown that Jurkat, SupT1, and Molt4
Clone 8 cells have very low levels of CCRS (<1,000 molecules),
below the threshold required to support replication by most RS
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FIG. 2. DC-SIGN-expressing cell lines can support more efficient
viral replication. Parental Jurkat cells or DC-SIGN-transduced Jurkat
cells were spinoculated with 2, 0.2, or 0.02 ng of NL4-3 (X4 [A]) or 89.6
(R5X4 [B]) in 200 pl of medium. Target cells were vigorously washed
three times with medium 4 h postinfection. Culture supernatants were
half-exchanged with fresh medium on days 2, 4, and 6, and p24 levels
were determined with a commercial ELISA kit. Experiments were
repeated three times with replication curves taken out to 10 days
postinfection. In every case, peak p24 antigen levels in DC-SIGN-
transduced Jurkat cells were at least 5- to 10-fold more than that found
in Jurkat parental cells. Shown here is one representative experiment.
Values greater than 2.8 ng/ml are shown as 2.8 ng/ml on the graph.

viral strains (18). We therefore sought to determine if DC-
SIGN-transduced Jurkat and SuptT1 cells can support repli-
cation by commonly used CCRS5-tropic strains. Figure 3A
shows that DC-SIGN-transduced SupT1 and Jurkat cells ac-
quired the ability to support productive replication by ADA, an
R5-tropic strain. To ensure that this DC-SIGN-enhanced viral
entry was CD4 and CCRS dependent, two RS virus strains
were used to infect Jurkat-DC-SIGN cells in the presence or
absence of CD4 and coreceptor antagonists. Figure 3B shows
that both ADA and YU2 were able to replicate in Jurkat-DC-
SIGN-positive cells and that this replication was completely
inhibited by a neutralizing CD4 antibody (Leu3a) or by the
CCRS antagonist TAK779 (1). Addition of an anti-CXCR4
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FIG. 3. DC-SIGN can enhance viral entry via limiting levels of CCR5. (A) A total of 10° DC-SIGN-transduced Jurkat or SupT1 cells were
infected with 0.2 ng of ADA as in Fig. 2. p24 antigen levels in the culture supernatant were determined at days 1, 4, and 8 postinfection. (B)
DC-SIGN-transduced Jurkat cells were infected with two different strains of R5 viruses (2 ng each of ADA and YU?2) in the absence (UnRx) or
presence of anti-CXCR4 (20 pg of MAb 45701 per ml), anti-CD4 (10 pg of Leu3A per ml), or TAK779 (20 pM). Culture supernatants were
half-exchanged on days 3, 6, and 9 with fresh growth media and the appropriate blocking agents as indicated. p24 antigen levels were determined
with a commercial ELISA kit. The results shown are averages of experiments done in triplicate. (C) Retrovirally (MIGR1-DC-SIGN-GFP)
transduced SupT1 and Jurkat cells were stained for DC-SIGN with DC028, and the number of antibody binding sites was determined by QFACS
analysis with the Quantum Simply Cellular kit (Sigma). Note that the MIGR1 vector expresses DC-SIGN in tandem with GFP via an IRES linker.
(D) cis enhancement effect on DC-SIGN-transduced Jurkat cells can be inhibited by mannan. HxB or SIV316 psuedotyped GFP reporter viruses
were used to infect parental Jurkat or DC-SIGN-transduced Jurkat cells in the presence of absence of 100 pg of mannan per ml as described in
Materials and Methods. Productive infection was determined by staining for intracellular p24 antigen 3 days postinfection. Results are presented
as fold enhancement: that is, the percentage of p24™ cells obtained with Jurkat-DC-SIGN cells divided by the percentage of p24* cells obtained

with Jurkat parental cells. For comparison, the fold enhancement obtained with parental Jurkat cells is shown and is, by definition, normalized to
a value of 1.
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FIG. 4. DC-SIGN-enhanced viral entry is CD4 dependent. Five
nanograms of NL4-3 or 89.6 was spinoculated onto Jurkat (open dia-
monds), THP-1 (open square), and Molt4 Clone 8 (open triangle) cells
and their DC-SIGN-transduced counterparts. Quantitative real-time
PCR for gag DNA and cellular B-globin DNA copies was performed
20 h postinfection. (A) Results are presented as the ratio of Gag to
B-globin DNA copies, which is indicative of the number of gag DNA
copies per cell. (B) The experiment was repeated as in panel A for
NL4-3 on Jurkat cells (parental versus DC-SIGN transduced) with 50
ng of viral inoculum. For Leu3A inhibition, target cells were preincu-
bated for 30 min with 10 pg of purified antibody per ml before viral
infection. Note that the Gag/B-globin ratio increased from 0.43 to 8
(19-fold) when the same amount of viral inoculum was used to infect
the same number of Jurkat parental versus Jurkat DC-SIGN-trans-
duced cells. In both cases, Leu3A inhibited viral entry by more than
95%.

antibody had no appreciable affect on viral replication. There-
fore, the presence of DC-SIGN allowed for more efficient
usage of low levels of CCRS for viral entry on SupT1 cells. In
the case of Jurkat cells, cis expression of DC-SIGN enabled
virus to enter despite low levels of both CD4 and CCRS. Since
DC-SIGN did not allow these viruses to enter Jurkat or SupT1
cells by using CXCR4, DC-SIGN had, in effect, expanded the
cellular tropism of these viral strains without altering their
coreceptor preference.

The cis enhancement effect of DC-SIGN on these cell lines
was observed at levels of DC-SIGN expression that are at or
near the threshold levels of DC-SIGN (Fig. 3C) previously
shown to be required for efficient infection in trans (27). Figure
3C shows the FACS analysis of DC-SIGN expression on
SupT1-DC-SIGN and Jurkat-DC-SIGN cells, and quantita-
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FIG. 5. cis enhancement of viral infection via alternate coreceptors.
CD4 and STRL33 expression plasmids were transfected into 293T cells
either with DC-SIGN or pCDNA3 as a DNA control. The equivalent
of only 20 ng of STRL33 expression vector was transfected into each
12-well plate. GFP-reporter viruses pseudotyped with HIV-1 (89.6,
89.6P, BaL, and NL4-3), SIV (239 and 316), and VSV Envs were used
to infect these cells 24 h posttransfection. (A) FACs analysis of in-
fected cells. The GFP-positive cells, which are boxed in the figure,
indicate productively infected cells. Shown here is one representative
experiment out of two. Raw data plots for 89.6P and SIV infections are
shown for illustrative purposes. (B) Quantitative analysis of results
presented in panel A. Fold enhancement is the percentage of GFP-
positive cells obtained with CD4-STRL33-DC-SIGN-transfected cells
divided by the percentage of GFP-positive cells obtained with CD4-
STRL33-pcDNA3-transfected cells. For comparison, the fold en-
hancement obtained with CD4-STRL33-pcDNA3-transfected cells is
shown and is, by definition, normalized to a value of 1.

tive FACS analysis was used to determine the corresponding
number of DC-SIGN antibody binding sites on these cells. The
ability of mannan to markedly decrease the infection efficiency
in DC-SIGN-transduced cell lines, but not in the parental lines,
further confirms that the cis enhancement effect is due to
DC-SIGN (Fig. 3D). The DC-SIGN-mediated cis enhance-
ment effect on SIV316 entry into Jurkat cells may be more
pronounced because SIV316 entry into Jurkat cells would oc-
cur via the low level of CCRS (18) or STRL33/CXCR6 (11)
present on Jurkat cells (see Fig. 5 below).

Increased viral replication in DC-SIGN-transduced cell
lines is due to enhanced viral entry and is CD4 dependent. We
have previously shown that virus adsorption onto cells is mark-
edly enhanced in the presence of DC-SIGN (27, 28). However,
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DC-SIGN

FIG. 6. DC-SIGN expression on permissive tissue macrophages. Immunohistochemistry was performed on tissue sections as indicated. Staining
for CD14 (macrophage marker) and DC-SIGN was performed on 5-pm serial sections in order to show costaining of CD14 and DC-SIGN on the
same cell. (A) (Lymph node) CD14" macrophages (arrows in left panel) in the germinal centers appear negative for DC-SIGN. (DC-SIGN
expression is indicated by brown cells in the right panel.) (Spleen) Numerous CD14™ macrophages are scattered throughout the red and white pulp
(left panel); the few DC-SIGN-positive cells (right panel, arrows) appear CD14 ™. (Alveoli) DC-SIGN-positive cells in the alveoli also express low
levels of CD14 (arrows in right and left panels point to cells staining for both markers). Alveolar macrophages are a heterogeneous population
and can vary in their amount of CD14 expression. DC-SIGN-positive cells in the alveoli appear to be restricted to CD14'Y cells (arrows). (B)
Confocal microscopy performed on alveolar macrophages showing expression of DC-SIGN (red) with CCRS5 (green) and CD4 (green). Note the

almost complete colocalization of DC-SIGN with CCRS (yellow overlap).

in order to determine if DC-SIGN-enhanced viral replication
is due to more efficient viral entry, a quantitative real-time
PCR assay for reverse-transcribed products was performed at
20 h postinfection. With the same amount of viral inoculum,
we found that there was a significant increase in the number of
viral gag DNA copies per cell (represented by the gag/B-globin
ratio) in various DC-SIGN-transduced cell lines when com-
pared to their respective parental lines during the first round of
infection (Fig. 4A). DC-SIGN-enhanced viral entry was CD4
dependent, because the gag/B-globin ratio was reduced from
8.0 to 0.13 in the presence of Leu3a, a neutralizing anti-CD4

antibody (Fig. 4B). Thus, DC-SIGN itself cannot mediate entry
in the absence of CD4, consistent with previous reports (13),
and its enhancement effects are at the level of virus entry.
cis enhancement of viral infection via alternate coreceptors.
Alternate coreceptors such as STRL33 tend to support virus
infection less efficiently than CCRS5 and CXCR4. We have
shown that STRL33 is expressed on some CD4* T cells at
levels (<10,000 molecules per cell) below that needed to sup-
port efficient entry for most virus strains (30). Therefore, we
determined whether DC-SIGN could enhance infection when
coexpressed with this alternate coreceptor. By using cells ex-
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pressing STRL33 at levels previously determined to result in
little or no infection by either SIV or HIV Env pseudotypes
(30), we found that expression of DC-SIGN-enhanced virus
infection between 2- and 40-fold, depending on the viral Env
used (Fig. 5A and B). Infection by VSV pseudotypes was not
affected by the presence of DC-SIGN (Fig. 5B). A similar level
of enhancement was obtained when luciferase rather than GFP
reporter viruses were used (data not shown). Thus, the ability
of DC-SIGN to enhance viral infection when expressed in cis
extends to coreceptors other than CCRS and CXCR4.
DC-SIGN is expressed on permissive CD4™ CCR5* cells in
situ. Since DC-SIGN can enhance viral entry on permissive
cells expressing low levels of CD4 or coreceptor, we sought to
obtain evidence of DC-SIGN expression on such candidate
permissive cells in vivo. We have previously shown that DC-
SIGN is expressed on both maternal decidual macrophages
and fetal Hofbauer cells in human placenta (34) and on some
human alveolar macrophages (E. Soilleux, L. S. Morris, G.
Leslie et al., submitted for publication). Both alveolar and
placental tissue macrophages have been reported to express
very low levels of CD4 and to be targets for HIV infection in
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FIG. 6—Continued.

vivo (16, 17, 20, 22, 25, 31). In the case of SIV, macrophage
tropism is often associated with changes in the viral Env pro-
tein that either make it CD4 independent or better able to
infect cells that express low levels of CD4 (2, 22; B. Puffer, S.
Pohlmann, A. L. Edinger et al., submitted for publication).
Therefore, DC-SIGN expression may contribute to the estab-
lishment of a viral reservoir in these cells by allowing more
efficient entry.

Accordingly, we performed immunohistochemistry on vari-
ous tissues to determine if DC-SIGN was expressed on other
macrophage populations in situ. We found that while CD14™
macrophages from lymph node, spleen, and liver were DC-
SIGN negative (data not shown) (Fig. 6A), DC-SIGN expres-
sion could clearly be detected on placental, decidual, and al-
veolar macrophages (34) (Fig. 6A). It is known that alveolar
macrophages are heterogeneous with regard to their morphol-
ogy, immunophenotype (CD14 expression), and function (15,
39), and we note that DC-SIGN was only coexpressed with a
subset of CD14'" alveolar macrophages (Fig. 6A). Strikingly,
when confocal microscopy was performed on alveolar macro-
phages to determine coexpression of CCRS5 and CD4 with
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DC-SIGN, we found physical colocalization of DC-SIGN and
CCRS, and, to a lesser extent, CD4 (Fig. 6B). In Fig. 6B,
essentially 100% of CCR5" membrane areas (red) were also
positive for DC-SIGN (yellow overlap). The physical colocal-
ization of DC-SIGN with CCRS5 and CD4 may in part explain
the cis enhancement effect of DC-SIGN. However, we were
unable to determine that DC-SIGN is physically associated
with CCRS or CD4 in coimmunoprecipitation experiments in
transiently transfected cells, at least under the conditions ex-
amined (see Materials and Methods) (data not shown).

DISCUSSION

Binding of the HIV-1 Env protein to CD4 and a coreceptor
is required for virus entry. However, attachment of virus to the
cell surface can occur via low-affinity interactions with a rela-
tively large number of cellular molecules (reviewed in refer-
ence 37). By concentrating virus on the cell surface, attachment
factors may make subsequent receptor engagement more effi-
cient. Among attachment factors, the C-type lectin DC-SIGN
is unusual in that it binds to gp120 with very high affinity (6)
and is particularly efficient at retaining bound virus in an in-
fectious state for prolonged periods of time and in presenting
bound virus to receptor-positive cells in trans (13). Because
DC-SIGN is expressed at high levels on some types of DCs, it
has been suggested that HIV-1 may bind to DCs via DC-SIGN
and, through the normal trafficking patterns of this antigen-
presenting cell, be delivered to lymphoid organs that serve as
the major site for virus replication in vivo (13).

We have found that DC-SIGN is expressed on certain types
of macrophages in vivo, including macrophages in human pla-
centa (34) and alveolar macrophages (Fig. 6A) (E. Soilleux,
L. S. Morris, G. Leslie et al., submitted for publication), In
addition, DC-SIGN expression can be induced on monocyte-
derived macrophages by treatment with interleukin 13, raising
the possibility that DC-SIGN may sometimes be expressed on
additional cell types in vivo that can support virus replication
(Soilleux et al., submitted). Therefore, it becomes important to
determine if the presence of this efficient virus attachment
factor on macrophages impacts virus entry not only in frans,
but in cis as well.

We found that DC-SIGN expression in cis enhanced the
efficiency of virus infection, especially when CD4 and corecep-
tor levels were limiting. The ability of DC-SIGN to allow RS
viral infection of T-cell lines such as Jurkat and SupT1 cells was
particularly notable, since these cells express vanishingly small
amounts of surface CCRS5 (18) and are otherwise refractory to
RS virus entry (5, 7). This finding also shows that expression of
DC-SIGN in cis can, in effect, change viral tropism without
affecting coreceptor usage. The ability of DC-SIGN, and per-
haps other attachment factors as well, to enhance virus infec-
tion in cis when receptor levels are limiting may not be appre-
ciated, since cell lines commonly used to assess which
coreceptors are used by a given virus strain typically express
tens of thousands of CD4 and coreceptor molecules (18). In
contrast, receptor levels on primary cell types are often much
lower. For example, freshly isolated primary CD4" lympho-
cytes generally have less than 10,000 CCR5 and CXCR4 anti-
body binding sites per cell (18). Therefore, the ability of DC-
SIGN to enhance virus infection in cis demonstrates that
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attachment factors can help virus infect cells under coreceptor-
limiting conditions.

We also found that DC-SIGN can enhance virus infection in
cis when CD4 expression levels are low. In vivo, CD4 levels can
be limiting for virus infection under some conditions, espe-
cially on some types of tissue macrophages. Alveolar macro-
phages, for example, express very low levels of CD4 (2, 19, 22).
Interestingly, we found that a significant fraction of these cells
also coexpress DC-SIGN and CCRS, thus providing a cellular
environment whereby the cis enhancement effect of DC-SIGN
can come into play. It is interesting to note that alveolar mac-
rophages have been proposed to be a reservoir in late stages of
disease, because there is a significant increase of HIV-1 RNA
in alveolar macrophages, but not monocytes from subjects with
AIDS (32). Among HIV-positive asymptomatic subjects,
HIV-1 was undetectable or at low levels in both blood mono-
cytes and alveolar macrophages (32). Thus, whether progres-
sive HIV disease (as a chronic inflammatory state) can lead to
tissue microenvironments that favor DC-SIGN upregulation is
a matter for future studies.

In addition to enhancing virus infection via the major core-
ceptors when expressed in cis, DC-SIGN also made infection
via an alternate coreceptor more efficient. Although more than
10 chemokine receptors or 7TM GPCRs (other than CCRS
and CXCR4) have been reported to have coreceptor activity in
vitro, some of these receptors are not expressed on CD4™" cell
types in vivo, or are expressed at levels that do not support
efficient infection, at least for most virus strains (reviewed in
references 4, 9, and 10). The alternate coreceptor, STRL33, is
an example of this. When overexpressed on cell lines, STRL33
can mediate efficient infection by a number of HIV-1, HIV-2,
and SIV strains (11, 30). However, STRL33 expression in vivo
is limited to only subsets of CD4™" T cells and NK cells (30, 38,
40), where on average less than 10,000 molecules are expressed
at the cell surface (30). While comparable to CCRS5 and
CXCR4 expression, this level of STRL33 expression is below
the threshold needed for most viruses to utilize this coreceptor
(30). Our finding that DC-SIGN can allow usage of alternate
coreceptors like STRL33 at expression levels that normally do
not support viral entry raises the possibility that the panoply of
coreceptors present on permissive cell populations in vivo can
actually be used for entry if DC-SIGN was upregulated on the
same cells. These findings may have implications for viral
pathogenesis in vivo if conditions exist that can upregulate
DC-SIGN, or perhaps other attachment factors, in certain
tissue microenvironments. To this end, we found that only
macrophages in certain tissues (e.g., lung and placenta) express
DC-SIGN (Fig. 6A) (34), indicating that microenvironmental
cues play a role in regulating the expression of DC-SIGN.

The precise mechanism by which DC-SIGN expression en-
hances infection in cis is unknown at present. However, the
high affinity of DC-SIGN for HIV-1 Env suggests that DC-
SIGN may serve to anchor the virion to the cell surface and
thus increase the local concentration of viral particles at the
plasma membrane. In situations where CD4 or coreceptor is
limiting, this local concentration effect will likely increase the
probability of the virion encountering its requisite entry fac-
tors. The colocalization of DC-SIGN with CD4 and CCR5 on
the surface of alveolar macrophages suggests that the cis en-
hancement effect may be partially due to the ability of DC-
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SIGN to concentrate virions in physical proximity to its cog-
nate receptors. Whether there are direct interactions between
DC-SIGN and CD4 and CCRS, both of which are glycosylated,
or whether these proteins partition into membrane microdo-
mains remains to be determined.

In summary, our studies provide evidence that DC-SIGN
can enhance infection in cis in addition to its reported trans
infection properties. Our findings indicate that under some
conditions, viral tropism can be modulated by a molecule other
than a coreceptor. Since DC-SIGN is not commonly expressed
on in vitro-cultured PBMCs and macrophages, studies of viral
tropism with in vitro-cultured primary cells, which are at best a
poor mimic of the complex microenvironmental milieu should
be interpreted with some degree of caution. Whether the phe-
nomenon of DC-SIGN cis enhancement plays a major role in
the pathogenesis of HIV disease awaits confirmation by study-
ing DC-SIGN expression in animal models and by the use of
antibodies or other inhibitors of virus-DC-SIGN interactions.
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